Coupling of diphenylvinyl sulfonium triflate with nucleophiles and either aldehydes or imines gives epoxides and aziridines, respectively, in a three-component reaction. cis-Aziridines could be formed in good diastereomeric ratio, and the selectivity was correlated to the reactivity of the imine. This represents the first study of cis/trans selectivity in the reactions of imines with nonstabilized sulfur ylides.
Three-component coupling reactions have not only been employed to enhance efficiency in organic synthesis but have also played a central role in diversity-oriented synthesis. 1 The key to success in the development of such reactions is controlled reactivity. Nucleophile A (e.g., a cuprate) should react selectively with electrophile B (e.g., an enone) generating an intermediate nucleophile AB which should then react selectively with electrophile C (e.g., an aldehyde), all other permutations (e.g. A+C or AB+C) should be slow or unproductive (Scheme 1). Our interest in vinyl sulfonium salts 2 led us to consider their potential use in these types of processes. In particular, the trapping of an intermediate ylide 3 with an aldehyde 4 or imine 5 would furnish an epoxide 6 or aziridine 7, which are very useful products for further elaboration (Scheme 2).
Scheme 1 General scheme for three-component reaction
Scheme 2 Proposed three-component epoxidation and aziridination reactions using vinyl sulfonium salt 2
Although vinyl sulfonium salts such as 2 have been employed in two-component reactions (nucleophiles with tethered electrophiles) generating 5-, 6-, and 7-membered ring epoxides and aziridines and subsequently applied to the synthesis of mitomycins 3 and balanol, 2b,c their use in three-component coupling reactions has not been investigated. 4 However, initial experiments with N-methyl tosylamide (1a), diphenylvinylsulfonium salt 2, and benzaldehyde in the presence of NaH were not promising -a large number of products were obtained, some of which were highly polar. We believed that the ylide intermediate 3 was preferentially reacting with the vinyl sulfonium salt instead of the aldehyde. To minimize this side reaction we needed to increase the concentration of the aldehyde and reduce the concentration of the vinyl sulfonium salt. Indeed, carrying out a slow addition of the vinyl sulfonium salt to a solution of the tosyl amide 1a, NaH and five equivalents of benzaldehyde furnished the epoxide in good yield (Table 1 , entry 1). Brief optimization of the reaction conditions showed that KOt-Bu in CH 2 Cl 2 was optimal (entry 2). The reaction could be extended to a range of alternative nucleophiles including malonate 1b (entry 3), an alcohol 1c (entry 4), a thiol 1d (entry 5), and an amine 1e (entry 6). In all cases, the epoxides 6 were obtained in good yields but with poor diastereoselectivity. The low diastereoselectivities are typical of reactions of nonstabilized ylides with aldehydes, 5 but the moderate-tohigh yields are not (they usually give low yields). We believe the high yields are a consequence of rapid (in situ) trapping of the ylide. The reaction, however, is limited to nucleophiles with only one acidic proton. A different pathway is followed in reactions of nucleophiles bearing two acidic protons (Scheme 3). Thus, in the case of diethyl malonate 8a, following ylide formation 1,3-proton transfer occurred instead, followed by ring closure to give
Scheme 3
Reaction of vinyl sulfonium salt 2 with nucleophiles 8 bearing two acidic protons
a cyclopropane 9a. In the case of tosylamide 8b, an aziridine 9b was formed by the same process. 6 The reaction (demonstrated for N-methyl tosylamide) was easily extended to other aromatic and aliphatic aldehydes (Table 2) , giving moderate-to-good yields but low diastereoselectivities.
Related three-component coupling reactions with imines as electrophiles were also considered. Of particular interest were the diastereoselectivities of these processes as the reactions of imines with non-stabilized sulfur ylides had not been reported (except those of methylides). 7, 8 Semistabilized ylides were known to react with N-Ts imines with moderate trans selectivity whilst stabilized ylides gave moderate cis selectivity.
In the event, application of our standard conditions with N-methyl tosylamide and 2 but replacing benzaldehyde for the corresponding N-Ts imine furnished aziridine 7a in high yield as a 4:1 mixture of cis/trans-isomers (Table 3 , entry l). Further improvement in yield and diastereoselectivity was observed when using NaH in THF (entry 2, Table 3 ). The reaction could be extended to malonate derivatives (entries 3, 4), an alcohol (entry 5), and a thiol (entry 6) as before, but not amines (pyrrolidine was ineffective). Surprisingly, the major diastereomers derived from the alcohol and thiol reactions were now the transaziridines.
The aziridination reaction was extended to a range of imines (Table 4) with moderate-to-good yields being obtained in all cases. The diastereoselectivity was also found to be highly sensitive to the electronic nature of the imine: electron-rich imines gave very high cis selectivity whilst electron-poor imines gave low selectivity. In fact, the diastereoselectivities correlated well with s + (Hammer substituent constant) ( Figure 1 ). This observation is consistent with the development of positive charge in the transition states (TS) and a larger dependence on the imine's electronic properties in one of the two TS. More reactive imines show low selectivity while less reactive imines give better selectivity in line with the Hammond postulate. In the case of less reactive imines the later TS should lead to closer contacts between the imine and ylide 
O components and thus a more pronounced difference between the energies of the competing TS for the formation of the betaine intermediates that lead to cis-and transaziridines.
Semi-stabilized ylides have been shown to form betaine intermediates nonreversibly on reaction with N-tosylsulfonylimines 9 and so the selectivities in reactions of non-stabilized ylides should be determined by the relative energies of the TS for betaine formation. The unexpectedly high cis selectivity can be rationalized using the model derived by Robiette through DFT calculations. 10 In this model, approach of the ylide to the N-Ts imine is dominated by the steric interactions of the large sulfonamide group which dictates that the only substituent 'allowed' in its vicinity is an H. Thus, two TS are believed to be responsible for product formation: TS1, in which the sulfonium and N-Ts groups are gauche to each other leading to the trans-aziridine and TS2, where the same two groups are anti to each other leading to the cis-aziridine (Scheme 4).
A possible explanation for the observed selectivity is that because of the Bürgi-Dunitz angle of approach of the nucleophile to the imine, one of the phenyl groups on the ylide comes into close proximity to the aryl group of the imine in TS2 but not in TS1.
11 This p-p interaction (induced dipole or p-HAr hydrogen bond) will be stabilizing when the aryl group is electron rich since the Ph group attached to sulfur is electron deficient and so TS2 will be favored, thus leading to the cis-aziridine. Subtle hydrogenbonding interactions between the b-alkoxy group of the ylide component with the imine C-H may be responsible for favoring TS1, thus leading to the trans-aziridine.
In conclusion, it has been shown that vinyl sulfonium salt 2 participates in three-component coupling reactions with a variety of nucleophiles and aldehydes/imines. Key to the success of this transformation is to maintain a low concentration of the vinyl sulfonium salt (by slow addition) and a high concentration of the aldehyde/imine to ensure that the ylide intermediate reacts with the electrophile required and not with more vinyl sulfonium salt.
The scope of the reaction has been evaluated. Nucleophiles bearing one acidic proton give good results, whereas those bearing two acidic protons lead to threemembered rings without trapping the electrophile. Both aromatic and aliphatic aldehydes work well but, as expected, give low diastereoselectivity. In contrast, aromatic imines give high cis selectivity with electron-neutral/electron-rich aromatic imines. This work represents the first study of cis/trans diastereoselectivity in aziridination reactions of non-stabilized ylides with imines.
General Procedure for Three-Component Aziridinations
A solution of nucleophile (0.53 mmol) in THF (5 mL) was treated with NaH (0.64 mmol) at 0°C under N 2 and stirred for 20 min while warming to r.t. as H 2 gas evolved. The reaction mixture was then cooled to 0°C and treated with imine (2.65 mmol) followed by a solution of diphenyl(vinyl)sulfonium trifluoromethanesulfonate 2a (0.80 mmol) in THF (10 mL) dropwise over 20 min. After stirring Figure 1 Plot of log (cis/trans) vs. s + for the three-component aziridination using MeNHTs (2) and p-XC 6 H 4 C=NTs (see Table 4 ) Scheme 4 Transition states proposed to lead to the betaine intermediates that give cis-and trans-aziridines (6 H, m, 2 × CH 3 ). 13 C NMR (100. 
